Nervous necrosis virus (NNV) is a devastating pathogen of cultured marine fish and has affected more than 40 fish species. NNV belongs to the betanodaviruses of Nodaviridae and is a nonenveloped icosahedral particle with 2 single-stranded positive-sense RNAs. To date, knowledge regarding NNV entry into the host cell remains limited, and no NNV-specific receptor protein has been published. Using grouper fin cell line GF-1 and purified NNV capsid protein in a virus overlay protein binding assay (VOPBA), grouper heat shock cognate protein 70 (GHSC70) and grouper voltage-dependent anion selective channel protein 2 (GVDAC2) were investigated as NNV receptor protein candidates. We cloned and sequenced the genes for GHSC70 and GVDAC2 and expressed them in Escherichia coli for antiserum preparation. Knockdown of the expression of GHSC70 and GVDAC2 genes with specific short interfering RNAs (siRNAs) significantly downregulated viral RNA expression in NNV-infected GF-1 cells. By performing an immunoprecipitation assay, we confirmed that GHSC70 interacted with NNV capsid protein, while VDAC2 did not. Immunofluorescence staining and flow cytometry analysis revealed the presence of the GHSC70 protein on the cell surface. After a blocking assay, we detected the NNV RNA2 levels after 1 h of adsorption to GF-1 cells; the level was significantly lower in the cells pretreated with the GHSC70 antiserum than in nontreated cells. Therefore, we suggest that GHSC70 participates in the NNV entry of GF-1 cells, likely functioning as an NNV receptor or coreceptor protein.
T he viral life cycle can be divided into the following stages: entry, genome replication, protein expression, assembly, and release from host cells. Different viruses employ various strategies to enter host cells, such as clathrin-mediated endocytosis, caveolar endocytosis, clathrin-and caveolin-independent pathways, and macropinocytosis. Enveloped viruses use membrane fusion or interact with cellular receptors to cross the cell membrane, while most nonenveloped viruses use receptor-mediated endocytosis to enter the host cells (1) . Cellular receptors determine the host range of viruses. Numerous viral receptors have been identified in mammalian cells, such as the IgG superfamily for poliovirus, integrin for echovirus, and coxsackie-adenovirus receptor (CAR) protein for adenovirus (2) (3) (4) . However, only a few viral receptors of aquatic viruses have been reported, including Penaeus monodon RAB7 (PmRab7) protein and ␤-integrin (5, 6) for white spot syndrome virus (WSSV) in shrimp cells and several receptors for infectious pancreatic necrosis virus (IPNV) (7) .
Nervous necrosis virus (NNV) is the causative agent of viral nervous necrosis (VNN) disease, also known as viral encephalopathy and retinopathy (VER), and has resulted in high mortality of cultured marine fish, especially at the larval stage (8, 9) . NNV has a wide host range and can infect fish from at least 5 orders, totaling 16 families of fish species (9) . The target organ of NNV is the central nervous system, and infection results in the vacuolation of the brain and retina (10) . The NNV genome consists of 2 singlestranded positive-sense RNAs. RNA1 encodes RNA-dependent RNA polymerase (RdRp), and RNA2 encodes viral capsid protein (11) . RNA3, a subgenome of RNA1, encodes the B1 and B2 proteins (12) . The B1 protein is expressed at the early stage of infection, exhibiting an antinecrotic cell death function by reducing mitochondrial membrane potential (MMP) loss and, thus, enhancing cell viability (13) . The B2 protein binds to NNV intermediate double-stranded RNA (dsRNA) and prevents host RNA interference (RNAi)-mediated cleavage (14) .
The NNV coat protein is the only structural protein of the virion and has been proved to determine the host range (15) . NNV-specific monoclonal antibodies with high neutralizing titers were developed (16) , suggesting that NNV-specific receptors exist on the host cell membrane. NNV has been reported to infect cells through receptor-mediated endocytosis and macropinocytosis, and the sialic acid residue is the binding target for NNV during viral binding in susceptible SSN-1 cells (17) . However, no NNVspecific receptor protein has been reported. The objective of this study was to identify candidate proteins involved in the NNV entry of GF-1 cells through virus overlay protein binding assay (VOPBA), with heat shock cognate protein 70 (HSC70) and voltage-dependent anion selective channel protein 2 (VADC2) as targets. We cloned HSC70 and VDAC2 and conducted functional assays of these proteins in NNV-infected cells. Finally, we concluded that HSC70 has a role in NNV entry.
MATERIALS AND METHODS
Cells, virus, and NNV-specific antibodies. The GF-1 cell line, which is highly permissive to NNV, was derived from the fin tissue of grouper (Epinephelus coioides) (18) and was subcultured in Leibovitz's L-15 medium (Gibco) with 5% fetal bovine serum (FBS) (Gibco). NNV isolated from grouper larvae with VNN disease (19) was used in this study. NNV was proliferated in GF-1 cells with a multiplicity of infection (MOI) of 1 and was incubated at 28°C in the L-15 medium with 1% FBS. After complete cytopathic effect (CPE) was apparent, the cultured supernatant was collected by centrifugation at 12,000 ϫ g for 10 min and then titrated in GF-1 cells. The NNV particles were purified using the procedure described by Chi et al. (19) . The specific polyclonal antibodies (serum) against NNV were prepared as in our previous work (20) .
VOPBA. The membrane-associated proteins of GF-1 cells were extracted using a Mem-PER protein purification kit (Thermo), following the manufacturer's instructions. The detergent used to extract membrane fractions was removed using a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample preparation kit (Thermo). Total membrane-associated proteins were separated using 10% SDS-PAGE and then transferred to polyvinylidene fluoride (PVDF) membranes (Millipore) as described previously (21) . The membrane was blocked with Trisbuffered saline (TBS) buffer containing 5% skim milk and 3% bovine serum albumin (BSA) overnight at 4°C, transferred to protein binding buffer (50 mM Tris-HCl, 5 mM CaCl 2 , 10 mM MgCl 2 , pH 6.5), and incubated with 10 g of purified NNV overnight at 4°C. The membrane was washed 3 times with TBS buffer containing 0.1% Tween 20 (TBST) and then incubated with an NNV-specific rabbit antiserum (1:10,000) diluted in blocking buffer at room temperature for 1 h. After 3 washes with TBST, the membrane was reacted with peroxidase-conjugated goat antirabbit serum (KPL) (1:10,000) diluted in TBST at room temperature for 1 h. After extensive washing with TBST, the antigen signal was developed by adding LumiGLO chemiluminescent substrate (KPL) and was visualized through autoradiography.
MS analysis. Three GF-1 cell membrane-associated proteins (GFMPs) of interest, including GFMP-70 and GFMP-28, were excised from the gels, reduced with DTE buffer (50 mM dithioerythreitol and 25 mM ammonium bicarbonate) at 37°C for 1 h, alkylated with IAA buffer (100 mM iodoacetamide and 25 mM ammonium bicarbonate) at room temperature for 1 h in the dark, washed twice with 25 mM ammonium bicarbonate buffer (pH 8.5) in 50% acetonitrile for 15 min each time, dehydrated with 100% acetonitrile for 5 min, vacuum dried, and rehydrated with 0.0225 g of trypsin in 25 mM ammonium bicarbonate (pH 8.5) at 37°C for 16 h. The tryptic peptides were extracted twice with 5% trifluoroacetic acid (TFA) in 50% acetonitrile for 1.5 min with sonication. The peptide samples were pooled and dried using speed vacuum, dissolved in 0.1% formic acid and 50% acetonitrile, and analyzed using liquid chromatography-tandem mass spectrometry (LC-MS/MS). The coding region of each protein was identified by blasting against the United States National Library of Medicine (NLM) National Center for Biotechnology Information (NCBI) protein database and expressed sequence tag (EST) sequences by using Mascot Server (Matrix Science); GFMP-70 exhibited 42% coverage with HSC70, whereas GFMP-28 showed 20% coverage with voltage-dependent anion-selective channel protein 2 (VDAC2).
Cloning of GFMP fragment. The GF-1 cells were scraped from a 25-cm 2 tissue culture flask and spun down in a 1.5-ml microtube. Total RNAs were extracted using TRIzol (Invitrogen) reagent according to the manufacturer's instructions and dissolved in diethyl pyrocarbonate (DEPC)-treated water. For reverse transcription (RT), 2 g of extracted RNA was incubated at 42°C for 1 h in a reaction buffer comprised of 40 M deoxynucleoside triphosphates (dNTPs), 50 mM Tris-HCl buffer, 30 nM oligo(dT) 20 primer, 11.7 mM dithiothreitol (DTT), 40 U of RNasin (Promega), and 60 U of Moloney murine leukemia virus (MMLV) reverse transcriptase (Promega). For PCR, an aliquot (5 l) of cDNA was amplified in 25 l of PCR buffer containing 0.4 M each degenerate primer set (deHSC702-F/R or deVDAC22-F/R), 0.25 mM dNTPs, and 1 U of Taq DNA polymerase (New England BioLabs). PCR was conducted in a GeneAmp 2700 PCR system (Applied Biosystems) with a denaturing step of 94°C for 2 min, followed by 30 cycles of 94°C for 30 s, 44°C (for deHSC702-F/R primer set) or 50°C (for deVDAC22-F/R primer set) for 30 s, and 72°C for 1 min, with a final extension of 72°C for 5 min. The PCR products, including the 938-bp deHSC702-F/R primer set and the 377-bp deVDAC22-F/R primer set, were cloned into pGEM-T easy vectors (Promega) and sequenced by Mission Biotech Company (Taiwan). RACE cloning of full-length GFMP cDNAs. Rapid amplification of cDNA ends (RACE) was conducted using GeneRacer primers (Invitrogen), including 5= abridged anchor primer (AAP), 3= adapter primer (3= AP), and abridged universal amplification primer (AUAP). The genespecific primers (GSP) used in RACE were designed from the 938-bpfragment sequence of grouper heat shock cognate protein 70 (GHSC70) 
and the 377-bp-fragment sequence of GVDAC2, which were obtained as described above, using primers including HSC70RA934-R1, HSC70RA532-R2, HSC70RA64-F12, HSC70RA312-F22, VDAC2RA03-F12, VDAC2RA69-F22, VDAC2RA299-R1, and VDAC2RA241-R2 (Table 1). For 5=-RACE, the total RNAs of GF-1 were reverse transcribed into cDNAs by using GSP HSC70RA934-R1 and VDAC2RA299-R1, respectively. The cDNAs were purified using the QIAquick gel extraction kit (Qiagen) and eluted with buffer EB from the kit. Poly(C) tails were synthesized at the ends of cDNAs with 5 U of terminal transferase (New England BioLabs) in reaction buffer (1ϫ NE Buffer 4, 0.25 mM CoCl 2 , 0.2 mM dCTP) and incubated at 37°C for 30 min. The reaction was stopped by heating at 95°C for 5 min. Poly(C)-tailed cDNAs were amplified with PCR using AAP and the first 5=-RACE GSP (HSC70RA934-R1 for GHSC70 and VDAC2RA299-R1 for GVDAC2). The PCR program consisted of 94°C for 2 min, followed by 30 cycles of 94°C for 30 s, 68°C for 30 s, and 72°C for 1 min, with a final extension of 72°C for 10 min. Nested PCR was performed by using AUAP and the second 5=-RACE GSP (HSC70RA532-R2 for GHSC70 or VDAC2RA241-R2 for GVDAC2) with the same PCR program as in the first 5=-RACE amplification. PCR products were cloned into pGEM-T easy vectors and sequenced.
For 3=-RACE PCR, total RNAs were reverse transcribed to cDNA with the 3= AP primer. The cDNA was amplified with a 3=-RACE GSP (HSC70RA64-F12 for GHSC70 and VDAC2RA03-F12 for GVDAC2). The PCR program consisted of 94°C for 2 min, followed by 30 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 2 min, with a final extension of 72°C for 10 min. Nested PCR was performed by using AUAP and the second 3=-RACE GSP (HSC70RA312-F22 for GHSC70 and VDAC2RA69-F22 for GVDAC2) with the same PCR program as in the first 3=-RACE PCR amplification. PCR products were cloned into pGEM-T easy vectors and sequenced. The 5=-and 3=-RACE sequences overlapped by 220 bp with GHSC70 and 172 bp with GVDAC2, respectively.
The amino acid sequence alignments of GHSC70 and GVDAC2 in reference to those of various animal species were performed by blasting against the NCBI protein database (http://blast.ncbi.nlm.nih.gov/Blast .cgi). Phylogenetic trees (neighbor-joining trees) were devised using MEGA version 5 (22) , with bootstrapping values extracted from 1,000 replicates.
RNAi knockdown of GHSC70 or GVDAC2. Short interfering RNAs (siRNAs) designed by GenePharma Company (Shanhai, China) were used to knock down GHSC70 or GVDAC2 in GF-1 cells. The siRNA sequences of GHSC70, GVDAC2, and a nonsilencing siRNA control (NSsiRNA) are shown in Table 1 . To transfect the siRNAs, 5 l (1 ϫ 10 Ϫ10 mol) of siRNA and 2 l of Lipofectamine 2000 (Invitrogen) were diluted separately with 100 l of L-15 medium, incubated at room temperature for 5 min, and then mixed and incubated for another 15 min at room temperature. Finally, 0.2 ml of the mixture was added to GF-1 cells preseeded in a 12-well plate.
The GF-1 cells were transfected separately with GHSC70-specific siRNA, GVDAC2-specific siRNA, or NS-siRNA for 24 h and then infected with NNV (MOI of 10). After 24 h of NNV infection, the total RNAs of the cells were extracted for real-time reverse transcription (RT)-PCR analysis of the target genes, and the levels of the GHSC70 and GVDAC2 proteins were analyzed through Western blotting. The virions extracted from both sets of NNV-infected cells after 24 h postinfection (hpi) were frozen and thawed 3 times and then titrated.
Real-time RT-PCR. Total RNAs from siRNA-transfected and NNVinfected cells were extracted and reverse transcribed into cDNA by using dT20 and NNVR3 primers. The expression levels of GHSC70, GVDAC2, NNV RNA2, and actin (as internal control) were assayed using real-time PCR. The sequences of the primer sets for GHSC70 (GHSC70_RT235_F/ R), GVDAC2 (GVDAC2_RT229_F/R), NNV RNA2 (NNVRNA2_RT_F/ R), and actin (Gactin235_RT_F/R) are detailed in Table 1 . The cDNA was added into real-time PCR buffer, which included 0.5 mM forward and reverse primers in 1ϫ iQ SYBR green supermix (Bio-Rad). Amplification was performed on an iCycler iQ real-time PCR detection system (BioRad) with a PCR program of 94°C for 3 min, followed by 40 cycles of 94°C for 20 s, 55°C for 20 s, and 72°C for 20 s, and fluorescence detection was set at 85°C for 20 s. All samples were analyzed in triplicate. The specificity of the PCR products was confirmed by conducting melting curve analysis, and the relative gene expression levels were normalized with the expression level of the internal control (actin).
Preparation of rabbit antisera against GHSC70 and GVDAC2. The partial sequence of GHSC70 and the complete sequence of GVDAC2 were FIG 1 Detection of GF-1 cell membrane proteins (GFMPs) with interactivity with NNV capsid protein by VOPBA assay. Total GFMPs were resolved by 10% SDS-PAGE and transferred to PVDF membrane. Purified-NNV overlay was then performed. Bound virions were detected by rabbit anti-NNV polyclonal antibodies. Lanes: M, molecular mass marker; 1, Western blot of purified NNV using rabbit anti-NNV polyclonal antibodies; 2, VOPBA without purified NNV overlay; 3, VOPBA with NNV overlay; 4, Coomassie bluestained profile of an electrophoresis gel similar to that used to excise the corresponding bands for LC-MS/MS analysis. amplified with primer sets GHSC70_BamHI_F and GHSC70_HindIII_R for GHSC70 and GVDAC2_BamHI_F and GVDAC2_HindIII_R for GVDAC2. The amplified products were then cloned into pGEM-T easy vectors. The BamHI and HindIII restriction sites were used to insert sequences into prokaryotic expression vector pQE30 (Qiagen), and the plasmid inserts were named pQE-GHSC70p and pQE-VDAC2, respectively. The 2 recombinant plasmids were transformed into Escherichia coli M15 (Qiagen) to generate 6-histidine-tagged recombinant proteins. Recombinant GHSC70p and GVDAC2 were purified through Ni-nitrilotriacetic acid (NTA) agarose (Qiagen) to prepare the rabbit antisera. Western blotting. Total GF-1 proteins were extracted through sonication for 10 min, using protein lysis buffer containing 50 mM Tris-HCl (pH 8), 150 mM NaCl, 1 mM EDTA, 0.1% NP-40, 1 mM DTT, and 1ϫ protease inhibitor (Roche). The total protein lysate was centrifuged at 10,000 ϫ g at 4°C for 10 min, the concentration was adjusted to 10 g per well for 10% SDS-PAGE, and the proteins were transferred to a PVDF membrane. The membrane was blocked with 5% skim milk in TBST buffer at room temperature for 1 h and then incubated separately with 1:1,000-diluted rabbit preimmune serum and antiserum against GHSC70 and GVDAC2 at room temperature for 1 h. After extensive washing, the antigen signal was developed by using LumiGLO chemiluminescent substrate (KPL) and visualized with autoradiography. Protein intensities were analyzed using ImageJ software (23) .
IP assay. The GF-1 cells were infected with NNV (MOI of 100) for 24 h, and total proteins were harvested using lysis buffer. Proteins extracted from noninfected GF-1 cells and purified NNV were used as the controls. Immunoprecipitation (IP) and Western blotting (WB) assays were conducted using an ImmunoCruz IP/WB optima F system (Santa Cruz) according to the manufacturer's instructions. The GHSC70-and GVDAC2-NNV capsid protein complexes were immunoprecipitated using the rabbit antiserum against NNV and then analyzed with Western blotting by using the rabbit antisera against GHSC70 and GVDAC2 separately. Table 3 and VDAC2 proteins listed in Table 4 . Bootstrap support values are given at the branches. The scale for branch length (substitutions/site) is shown below the tree. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), identified with anti-GAPDH antibodies (GeneTex, Taiwan), was used as the negative control.
Immunofluorescence staining. The GF-1 cells, preseeded on 2 cover glasses, were fixed with 10% formalin in phosphate-buffered saline (PBS) for 10 min at room temperature. One cover glass was treated with 0.5% Triton X-100 (Sigma) in PBS for membrane permeabilization, and the other was not. After 3 washes with PBS, the cells were incubated with blocking buffer (5% BSA in PBS) at room temperature for 1 h and then reacted with 1:200-diluted rabbit anti-GHSC70 for 1 h. After washing, the cells were incubated with fluorescein isothiocyanate (FITC)-labeled antirabbit antiserum for 1 h. The cell nuclei were stained with Hoechst 33258 (1:500 diluted in PBS) for 30 min. Finally, the cells were observed using confocal microscopy (Technology Commons, National Taiwan University).
To examine the colocalization of GHSC70 and NNV on intact GF-1 cells, the cells were infected with NNV (MOI of 1,000) on ice for 1 h of adsorption. After 3 washes with PBS, the cells were incubated with rabbit anti-GHSC70 or mouse anti-NNV antibodies. The cells were washed with PBS 3 times and separately immunostained with rhodamine-labeled antirabbit antibodies or FITC-conjugated anti-mouse antibodies.
Flow cytometry analysis. The GF-1 cells, preseeded in a 25-cm 2 flask, were suspended using 0.15% trypsin (Sigma). After PBS washing, the cells were fixed with 10% formalin in PBS at room temperature for 10 min and then incubated with 1:200-diluted rabbit preimmune serum or antiserum against GHSC70 at room temperature for 1 h. After PBS washing, the cells were incubated with the FITC-labeled anti-rabbit antiserum at room temperature for 1 h. After three washes with PBS, the cells were analyzed using flow cytometry (FACSCanto II; BD, USA). As a negative control, a mocktreatment group that had no interaction with primary antibodies was incubated with FITC-labeled secondary antibodies.
Blocking assay. The GF-1 cells, preseeded on 6-well plates, were incubated separately with rabbit antiserum against GHSC70 or GVDAC2 at 28°C for 1 h. After 3 washes with the L-15 medium, the cells were infected with NNV (MOI of 10) for 1 h. Following viral adsorption, the cells were washed 3 times, and the total RNA was extracted from the cells for realtime RT-PCR detection of NNV RNA2. The control cells were infected directly with NNV without an antiserum pretreatment against GHSC70 or GVDAC2.
Amino acid sequence accession numbers. GHSC70 was deposited in GenBank under accession number JX207115. GVDAC2 was deposited in GenBank under accession number JX207116.
RESULTS

Identification of GF-1 cell membrane proteins bound with NNV.
To identify the GF-1 cell membrane proteins that interacted with NNV capsid protein, we conducted VOPBA, followed by LC-MS/MS analysis. Figure 1 shows a PVDF membrane on which were detected three NNV-binding proteins from the membrane fraction of GF-1 cells, with molecular masses of 28 kDa, 40 kDa, and 70 kDa, which were named GFMP-28, GFMP-40, and GFMP-70. By conducting an analysis using the MASCOT program, we found GFMP-28, GFMP-40, and GFMP-70 to be similar to VDAC2, beta-actin, and HSC70 proteins ( Table 2) . Because betaactin was reportedly located in the inner face of the cell membrane, we chose to focus on GHSC70 and GVDAC2 for the following studies.
Cloning and characterization of the GHSC70 and GVDAC2 genes of GF-1 cells. The full-length cDNA of GHSC70 contains a 72-bp 5=-untranslated region (UTR), a 1,953-bp open reading frame (ORF), and a 226-bp 3=-UTR. The encoded GHSC70 protein consists of 650 amino acids with a predicted molecular mass of 71 kDa, containing an actin-like ATPase domain at the amino terminus and a peptide-binding domain at the carboxy terminus, which are conserved domains in the HSC70 superfamily. BLAST analysis of GHSC70 revealed the amino acid sequence identities with HSC70 in other species, showing that GHSC70 shared 96% homology with HSC70 sequences of rainbow trout (Oncorhynchus mykiss), Prussian carp (Carassius gibelio), and humans (Homo sapiens) (Table 3) . However, the neighbor-joining tree for comparison of the HSC70 amino acid sequences of different organisms revealed that GHSC70 had substantially greater homology with Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss) clusters than with other fish species (Fig. 2A) .
The complete cDNA sequence of GVDAC2 consists of a 72-bp 5=-UTR, an 852-bp ORF, a 725-bp 3=-UTR, and an ORF coding for 283 amino acids with a molecular mass of 30 kDa, containing a porin3 domain which is a conserved domain of the VDAC family. Protein BLAST analysis revealed that GVDAC2 had high identity (82%) to VDAC2 sequences of channel catfish (Ictalurus punctatus) and largemouth bass (Micropterus salmoides) ( Table 4 ). The neighbor-joining tree analysis (Fig. 2B) revealed that GVDAC2 has higher homology to VDAC2 of spiny dogfish (Squalus acanthias) than to those of other species.
Knockdown of GHSC70 or GVDAC2 reduced the NNV RNA2 level in GF-1 cells. To elucidate the impact of GHSC70 and GVDAC2 on NNV infection, we transfected GHSC70-specific and GVDAC2-specific siRNAs to GF-1 cells to knock down GHSC70 and GVDAC2 gene expression. The morphology and viability of the GF-1 cells at 48 h posttransfection for both sets of siRNAs were similar to those of normal GF-1 cells. Compared with the cells transfected with NS-siRNA, the expression levels of GHSC70 and VDAC2 genes were down to 30% (Fig. 3A) , and the levels of GHSC70 and GVDAC2 proteins were downregulated to 70% and 77%, respectively (Fig. 3B) .
The transfected cells were further infected with NNV for 24 h, and we examined the levels of NNV RNA2 expression and viral titers by conducting real-time RT-PCR and titration. The relative expression levels of NNV RNA2 in the GHSC70 and GVDAC2 knockdown cells decreased by 80% and 40%, respectively (Fig.  3C) . The NNV titer of the GHSC70 knockdown cells was 0.3 ϫ 10 6 50% tissue culture infective dose (TCID 50 ) ml Ϫ1 , which was significantly lower than that of NS-siRNA knockdown cells (6 ϫ 10 6 TCID 50 ml Ϫ1 ) (Fig. 3D) . Similarly, the viral titer of GVDAC knockdown cells decreased to 1.3 ϫ 10 6 TCID 50 ml Ϫ1 , which was one-sixth that of the NS-siRNA knockdown cells (Fig. 3D) . 
GHSC70 immunoprecipitated with NNV capsid protein.
We constructed pQE-GHSC70p and pQE-VDAC2 to express the recombinant proteins for rabbit antiserum preparation, and we conducted Western blotting to confirm the specificity of the 2 antibodies by using the GF-1 cell lysate as the input (Fig. 4) . The 2 antisera were used in the IP assay. The results in Fig. 5A show that GHSC70, GVDAC2, and GAPDH (as the control) existed in the cell lysate. By having them interact with NNV-specific antibodies in the IP assay, we analyzed the pulldown proteins with Western blotting by using GHSC70-and GVDAC2-specific antibodies. The results shown in Fig. 5B and C confirm that only GHSC70 could interact directly with NNV capsid protein.
GHSC70 was detectable on the GF-1 cell surface and colocalized with NNV. Triton X-100 is commonly used for the permeabilization of cell membranes after formalin fixation to detect intracellular antigens. Cell surface antigens can be detected if the cells are fixed with formalin without Triton X-100 treatment. In a pretest, we fixed 2 sets of GF-1 cells with formalin and permeabilized one set with Triton X-100, but not the other set. We then immunostained both sets of cells with anti-actin (an intracellular antigen) antibody, and only the permeabilized set showed positive signals.
GHSC70 is abundant in the cells. To investigate whether GHSC70 also exists on the cell surface, we fixed GF-1 cells with formalin without Triton X-100 permeabilization and then immunostained them with GHSC70-specific antibodies, and we observed immunofluorescent signals on GF-1 cells (Fig. 6A , bottom), indicating that GHSC70 existed on the GF-1 cell surface. We conducted flow cytometry to analyze nonpermeabilized cells after immunofluorescence staining with GHSC70-specific antibodies, and 31.1% of the cells showed positive signals (Fig. 6B) .
To examine whether GHSC70 would colocalize with NNV particles during viral adsorption, GF-1 cells were incubated with NNV (MOI of 1,000) on ice. After 1 h of viral adsorption, the cells were fixed with formalin without Triton X-100 treatment and then immunostained with NNV-specific and GHSC70-specific antibodies. The colocalizing signal (yellow) of NNV and GHSC70 was observed (Fig. 7) .
GHSC70-specific antiserum could block NNV entry into GF-1 cells. To demonstrate the role that GHSC70 could play in NNV entry into GF-1 cells, we preincubated the cells with GHSC70-or GVDAC2-specific antibodies prior to NNV challenge. The control cells were subjected directly to NNV infection without the 2 antiserum pretreatments. The level of NNV RNA2 was analyzed by conducting real-time RT-PCR at the end of 1 h of viral adsorption. The result revealed that the NNV RNA2 level in cells pretreated with GHSC70-specific antibodies was 80% lower than that of the control group, indicating that GHSC70-specific antibodies could block NNV entry into GF-1 cells (Fig. 8) .
DISCUSSION
The determination of viral receptor molecules on susceptible cells is pivotal for developing therapeutic agents to block viral infection. VOBPA is a useful approach and has been applied to identify the putative cellular receptors of rabbit vesivirus (24) , adenovirus (25) , and Japanese encephalitis virus (JEV) (26) . Using VOBPA with purified NNV particles, we preliminarily assumed GHSC70 and GVDAC2 to be NNV receptor candidates.
VDAC is a channel protein that is mainly located on the mitochondrial outer membrane (27) but can also be found on the cell membrane of lymphocytes (28) , epithelial cells (29) , astrocytes (30) , and the postsynaptic membrane fraction of the brain (31) . In MASCOT analysis, GFMP-24 performed similarly to several protein candidates, whereas VDAC2 generated the highest similarity score (data not shown). Nevertheless, the IP assay result indicated that VDAC2 did not react with NNV capsid protein, and the GVDAC2-specific antiserum failed to significantly block NNV entry. However, downregulation of GVDAC2 by siRNA could reduce RNA2 expression significantly in infected GF-1 cells, indicating that GVDAC2 still plays a vital role in NNV infection. Studies have reported that VDAC can bind adenine nucleotide translocase (ANT), forming a hydrophilic pore, and regulate the Ca 2ϩ and ATP permeability of the mitochondria (32, 33) . VDAC is also related to cell apoptosis (34) . In infectious bursal disease virus (IBDV) infection, the viral nonstructural VP5 protein can interact with host VDAC2 at different time points to inhibit or promote the cell apoptotic pathway (35, 36) . The role of VDAC2 during NNV infection will be studied in the future.
The heat shock protein (HSP) family consists of heat-inducible and constitutive expression proteins. The constitutive expression HSP is called heat shock cognate protein (HSC). HSC70 exhibits a chaperone function: it can bind to newly synthesized polypeptides to form correct conformations (37) and to hydrolyze ATP for degrading clathrin coated on vesicles during endocytosis (38) . HSC70 has been reported to participate in the viral entry step of rotavirus, dengue virus, Japanese encephalitis virus, polyomavirus, and hepatitis C virus (HCV) (26, (38) (39) (40) (41) (42) . Previous studies on fish HSC70 have all focused on the expression level under heat shock or stress (43) (44) (45) . In this study, we demonstrated that HSC70 has a role in the NNV entry of GF-1 cells.
The downregulation of HSC70 gene expression by a specific siRNA did not affect the morphology and survival of GF-1 cells at 48 h post-siRNA transfection, but it significantly inhibited the NNV RNA2 expression level and NNV titer at 24 hpi, revealing that GHSC70 is crucial in the early stage of NNV infection. An immunoprecipitation assay revealed that GHSC70 can interact with NNV capsid protein. Through immunofluorescence staining of formalin-fixed GF-1 cells without Triton X-100 permeabilization, GHSC70-positive signals appeared on GF-1 cells, indicating the possibility of GHSC70 being located on the GF-1 cell surface. When NNV adsorption to GF-1 cells took place on ice for 1 h, followed by formalin fixation without permeabilization, immunofluorescence staining using NNV-and GHSC70-specific antibodies generated colocalization signals on the cells. Therefore, GHSC70 has the potential to be an NNV receptor or coreceptor of GF-1 cells. Finally, we presented evidence of GHSC70 being involved in the viral entry of GF-1 cells by conducting a blocking assay. The NNV RNA expression level detected after viral adsorption was significantly decreased in cells pretreated with GHSC70-specific polyclonal antibodies compared with the level in nonblocked cells. To the best of our knowledge, this is the first report identifying GHSC70, as well as its role in NNV entry into GF-1 cells of groupers.
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